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The Bowfin, Amia calva Linneaus (1766), is a common Eastern North American fish and 
the last extant member of the order Amiiformes. By 1870, twelve additional species of Bowfin 
had been described from widely dispersed localities from lakes Huron and Champlain in the 
north to Charleston, SC, and New Orleans, LA, in the south. This diversity of nominal forms was 
synonymized into a single species, A. calva, by Jordan and Evermann in 1896. Since then, this 
monotypy hypothesis has been generally accepted, but never scientifically validated. Recently, 
this hypothesis was challenged when morphological analyses of Bowfin from Savanah River, 
SC, and Lake Ontario basins revealed that there appeared to be two distinct Bowfin species. This 
study further evaluates the monotypy hypothesis using molecular biological techniques. Analysis 
of the barcoding gene Cythochrome Oxidase I was used to phylogenetically compare specimens 
collected from the Great Lakes and the Carolinas. Sanger sequencing of that gene allowed for 
proper alignment and genetic classification of fish from each region. Maximum likelihood 
analyses of COI sequence data indicated the presence of distinct genetic clades from the 
Carolinas and the Great Lakes (divergence about 1%), and apparent distinction of two clades 
within the Carolinas (from NC and SC).  This supports previous inferences based on morphology 
that there are two species of Bowfin -- from the Carolinas and from the Great Lakes. Results 
have important implications for delimiting potential extant species and, thus, improving 








 Bowfin Natural History…………………………………………………..Page 6 
 Bowfin Taxonomic History………………………………………………Page 6 
 Bowfin Population Genetics……………………………………………..Page 8 
 Objectives…………………………………………………………………Page 8 
Materials and Methods……………………………………………………..…...Page 9 
Field Collection, Cataloging, Vouchers and Sample Preservation……….Page 9 
DNA Extraction………………………………………………………..…Page 10 
Primer Development and Touch Down PCR…….………………..…..…Page 11 
Sanger Sequencing Preparation and Protocol……………………………Page 12 
Alignment, Editing of Sequences and Phylogeny Development……...…Page 13 
Results…………………………………………………………………..………....Page 15 
 Base Pair Divergence and Single Nucleotide Polymorphisms………...…Page 15 
PAUP and GARLI Phylogenetic Analysis…………………………...…..Page 15 
Discussion and Conclusions…………………………………………………….Page 16 
Figures………………………………………………………………….………..Page 19 





 I would like to thank several individuals for aiding me in the completion of this honors 
thesis. The first of which is my academic advisor, Donald J. Stewart, who gave me the 
opportunity to work on this research project and has supported me throughout my undergraduate 
career. With his guidance and mentorship, I was able to pursue this question of taxonomy with a 
relatively new way of thinking.  
I would also like to express my gratitude towards Steven M. Bogdanowicz who was an 
outstanding mentor in the laboratory; he taught me a wide array of molecular techniques, and 
provided lab space for me to conduct my research. I thank Amy R. McCune for providing 
extremely valuable guidance in my research goals and also providing much of the preliminary 
data for this project. 
 I thank my lab mate and colleague Jay R. Palumbo for facilitating much of the field 
collection of specimens and preservation of samples. Jay must also be commended for his studies 
on morphology of Bowfins, which complement my investigations. Thanks must also go to 
Rebecca R. Rundell, who guided me through the process of bioinformatics analysis and 
phylogeny development. 
 This entire research initiative would not have been possible without the primary work 
done by Kean M. Clifford, who was the first in 119 years to question the Bowfin monotypy 
hypothesis using morphological analyses. Much gratitude goes to R. Jackson and several 
personnel of various institutions in Wisconsin, Ontario, Ohio, New York, South Carolina and 
North Carolina, who provided samples from Bowfin populations in their respective regions. I 
would also like to thank William M. Shields and the SUNY ESF Honors program for providing 
the financial resources necessary to complete this thesis. 
 5 
Introduction 
The Bowfin (Amia calva Linneaus, 1766; Figs.1 and 2) is a common eastern North 
American fish that is one of the oldest actinopterygians alive. As an ancient fish, the bowfin 
often has been used as an out-group to facilitate developing phylogenies of modern teleosts (e.g., 
Nelson, 2006; Inoue et al., 2003). In spite of broad interest in the Bowfin’s evolutionary 
relationships (e.g., Grande and Bemis, 1998), however, studies on possible species diversity of 
living Bowfin’s have been long neglected. Today the conventional wisdom is that there is a 
single living species of Amia.  By 1870, however, some 13 nominal species had been described, 
and then without further analysis, all were placed in the synonymy of A. calva by Jordan and 
Evermann (1896).  Having a clear picture of the evolutionary status of living Bowfins is 
interesting in its own right, and it also could further our understanding of relationships among 
higher fishes. 
What makes this work even more urgent is the recent exploitation of the Bowfin as a 
caviar source (Davis, 2006).  Harvests of Bowfin caviar are currently focused in the lower 
Mississippi River basin, but because of high value, they seem likely to expand to other areas.  It 
is thus pertinent that we determine the number of genetically and morphologically distinct 
Bowfins in existence. Without a proper inquiry into possible diversity among amiids, we cannot 
begin to properly manage these fishes for commercial use. If there are different locally-adapted 
populations or distinct species, then we are at risk of over-exploiting some of them in the future. 
Bowfin populations are further threatened by habitat disturbances and introductions of exotic 
species (Clifford, 2014). 
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Bowfin Natural History 
 The genus Amia has many morphological characteristics that readily distinguish it from 
other North American freshwater fishes. It is a soft-rayed fish with a greatly extended dorsal fin, 
which aids in its unique amiiform locomotion. The abbreviate heterocercal caudal fin and 
supporting elements are relatively primitive compared to the symmetrical caudal elements of a 
teleost. Bowfin also are the only NA freshwater fish to have a gular plate on the mentum 
between the lower jaws. The Bowfin is a facultative air breather, using its highly vascularized 
swimbladder as an accessory breathing organ when oxygen levels are low (Werner 2004). Their 
coloration is highly variable across their range and among size classes, sexes, habitats and 
seasons, but the general pattern is that shown in Fig. 1. 
 Bowfin are distributed throughout the eastern United States from Minnesota to Vermont 
in the north and from Texas to Florida in the South (Fig. 3), but highlands of the Appalachian 
Mountains create a disjunction of their distribution that parallels the east coast (Clifford, 2014). 
They occupy a variety of habitats including swamps, lakes and lowland rivers; and in general, 
they prefer clear water with abundant rooted macrophytes and a firm bottom. Breeding usually 
occurs in late spring and early summer at night (Boschung and Mayden, 2004), when males 
construct their nests in weedy, calm littoral waters (Becker, 1983). After fertilization, males will 
guard the eggs and then the young for several weeks. With minimal migrations and extensive 
parental care, Bowfin would seem a likely candidate to evolve distinct populations or even 
multiple species across their range. 
Bowfin Taxonomic History 
 After the initial description of A. calva from near Charleston Harbor in 1766, several 
other species were described. The second species to be named, Amia ocellicauda Todd, in 
 7 
Richardson, 1837, was described based on a specimen from southern Georgian Bay in Lake 
Huron (Fig. 3). A third species, Amia occidentalis DeKay, 1842, was described based on a 
specimen from the Saint Mary’s River at the northern tip of Lake Huron. Following a review of 
the literature and study of some new specimens sent from the U.S. to Paris by early French 
explorers, Valenciennes, in Cuvier and Valenciennes (1847), recognized the initial three species 
of Amia mentioned above and then described eight more species. These included five species 
from the Mississippi River basin -- A. marmorata, A. ornata, A. reticulata, A. subcoerulea and A. 
viridis. Valenciennes’ final three species were A. canina, from southeastern Lake Erie, and two 
species from near Charleston, SC -- A. lentiginosa and A. cinerea. The final two nominal species 
were described by Duméril (1870) -- A. thompsonii from Lake Champlain and A. piquoitii from 
the upper Mississippi basin (and/or Lake Erie; precise locality uncertain). 
 Even as Duméril (1870) was adding the final two species, Günther (1870) synonymized 
ten of the initial species with A. calva without analysis or rationale; apparently, Günther did not 
see the near simultaneous publication by Duméril. Subsequently, Jordan and Evermann (1896) 
followed Günther’s (1870) lead, synonymizing 12 of the nominal species with Amia calva. That 
taxonomic opinion was presented without supporting morphological data or analysis, and the 
inferred monotypy of living Bowfins has remained un-questioned for over 100 years.  
Recently, Clifford (2014) tested that monotypy hypothesis by analyzing complete 
ontogenies for two populations of Bowfins -- from central New York and the Savanah River 
drainage, South Carolina. Applying multivariate statistics to data for 11 meristic and 41 
morphometric characters, Clifford (2014) found significant differences between those 
populations. He thus rejected the monotypy hypothesis, suggesting the SC population may 
represent Amia calva and the CNY population could represent a second species. Since the second 
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described species, A. ocellicauda, came from the Laurentian Great Lakes (Fig. 3, Lake Huron), 
Clifford (2014) suggested that name might apply to Bowfins from the Lake Ontario drainage. 
Clifford (2014), however, did not have preserved materials to study from Georgian Bay in Lake 
Huron (type locality of A. ocellicauda), and his Savannah River sample came from about 120 km 
from the type locality of A. calva, which is near Charleston. 
   
Bowfin Population Genetics 
Clifford (2014) also recognized the need for further morphological as well as genetic 
studies because there was only one previous analysis of genetic structure of Bowfin populations.  
Bermingham and Avise (1986) analyzed genetic structure in the Bowfin and three sunfish 
species across the southeastern United States to evaluate a presumed faunal divide between the 
east and Gulf coasts.  In that study, restriction fragment length polymorphisms from 
mitochondrial DNA were used to delineate populations (Bermingham and Avise, 1986). They 
found a 1% divergence in Bowfin populations from west of the Apalachicola River basin versus 
Bowfin in that river and farther eastward (Fig. 4). Their interesting results pointed to possible 
restricted gene flow between those two areas, but subsequently, there have been no efforts at 
further evaluation. 
Objectives 
My overall objective is to provide an additional test of the monotypy hypotheses of 
Günther (1870) and Jordan and Evermann (1896), rejection of which would lead to the 
alternative that there are at least two species of living Bowfins. More specifically, my goal is to 
extend the work of Clifford (2014) by applying genetic analyses to freshly collected materials 
from near Charleston, SC (type locality of A. calva), and from near type localities of various 
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nominal bowfins described from the Laurentian Great Lakes (Fig. 3), including A. ocellicauda 
(L. Huron), A. canina (L. Erie) and A. thompsonii (Lake Champlain). For this analysis, I use the 
mitochondrial gene cytochrome oxidase I (COI), which often is referred to as the barcoding gene 
because of its high variability among species (e.g., Herbert et al., 2015) and its established utility 
for differentiating species of fishes (Krük et al., 2013). 
 
Materials and Methods 
Field Collections of Tissues and Vouchers 
Specimens (including photos, formalin-preserved and skeletal vouchers for 
complementary morphological analyses) and tissue samples were obtained from regional 
resource agencies and colleagues from two regions, representing the Great Lakes and the 
Carolinas (Figs. 3, 5). Great Lakes samples were from: 1) Georgian Bay and Lake Simcoe, ON, 
in the Lake Huron drainage; 2) tributaries of Green Bay, WI, in Lake Michigan drainage; 3) 
western Lake Erie, OH; 4) eastern tributaries of Lake Ontario, NY (including its outflow, the 
upper St Lawrence River, and the Oswego River drainage); and 4) Lake Champlain, NY. Fish 
representing SC populations were from seven localities in the lowlands (arranged from S to N): 
1) Bluff Lake and lower the Savanah River, 2) Sulkehatchie River, 3) Edisto River, 4) Schultz 
Lake, which drains to Charleston Harbor (type locality of A. calva), 5-6) Ferry Lake and Wee 
Tee Lake, just northwest of Charleston, and 7) Little Pee Dee River near the SC-NC border.  
Samples from NC were from the Roanoke and Chowan River drainages. 
Fish were collected using trap nets or electrofishing gear (both backpack and boat 
shockers, depending on the habitat), and generally were taken incidental to routine fish surveys 
by state and federal resource agencies. Most were photographed when freshly caught and then 
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euthanized on ice for subsequent processing (including preservation in 10% formalin or as dried 
skeletons), or if they were to be released alive, they were anesthetized using MS-222 and tip of 
the left pectoral or pelvic fin was clipped. Tissues for molecular analyses were preserved in 95% 
ethanol and labeled with a unique field number to allow later cross-referencing among photos 
and voucher specimens. All samples were cataloged according to location, collector and date of 
collection (Appendix), and eventually, preserved vouchers will be catalogued into various 
museums for permanent archival.  
 
DNA Extraction 
 DNA extraction was conducted using a QIAGEN® DNEasy Blood and Tissue Extraction 
Kit. Tissue was taken from each fin clip by teasing apart the fin rays with a pair of sterilized 
forceps and collecting the tissue between them (approximately 25 mg). The fin tissue was then 
placed in a micro centrifuge tube with 180 µL of ATL buffer and 20 µL of proteinase K. 
Samples were then incubated at 58.5ºC for 2.5 hr to fully digest. After incubation, samples were 
vortexed gently and treated with 200 µL of AL buffer. Exactly 200 µL of 96-100% ethanol were 
immediately added to the samples. This resulting mixture was transferred to a filter spin-column 
and 500 µL of buffer AW1 were added. The columns were centrifuged at 8000 rpm for 60 sec. 
Supernatant was discarded and the columns were transferred to a new sterile tube along with 500 
µL of wash buffer AW2. The samples then were centrifuged at 14,000 rpm for 3 min. The 
supernatant was again discarded and the spin-column was transferred to a clean micro centrifuge 
tube. Exactly 200 µL elution buffer (AE buffer) were pipetted onto the membrane of the column, 
which was then allowed to incubate at room temperature (around 21ºC) for 5 min. After this 
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time, the samples were centrifuged for a final minute at 8,000 rpm. This eluted DNA was then 
stored at -80ºC until further use. 
 
Primer Development and Touchdown PCR 
 Protocol used to prepare DNA samples for sequencing was developed by Steven 
Bogdanowicz of the Evolutionary Genetics Core Facility at Cornell University. First, primers 
were developed for the barcoding gene cytochrome oxidase I.  
(Forward: 5'-ACAAAGACATTGGCACCCTCTACCTA-3') 
(Reverse: 5'-GTTTTGCTGCGAAAGCTTCTCATAGTA-3') 
Both primers were designed using Integrated DNA Technologies (Coralville, IA). Prior 
to PCR, a master mix was prepared for 48 samples with 317.5 µL of deionized water, 10 µL of 
dNTP’s (10mM, New England Biolabs), 10 µL of the forward COI Primer, 10 µL of the reverse 
COI primer (both 10µM stocks), 2.5µL of OneTaq® taq polymerase (NEB) and 100 µL of 
OneTaq® 5x concentrated buffer (NEB). The master mix was dispensed in 9µL aliquots into 
each well of a 48-well reaction plate. One µL of a specific sample DNA was mixed into each 
well and then covered with approximately 10 µL of mineral oil and the plate was gently 
centrifuged. The plate was run through a Touchdown Polymerase Chain Reaction program with 
40 sec of 95ºC, a 45 sec annealing from 61 to 56ºC (first six cycles), then  60 sec at 68ºC. 
Samples were then cycled for 40 sec at 95ºC, 45 sec at 55ºC and 1 min at 68ºC for 29 cycles. 
 A 1% agarose gel with 50 wells was then created using 0.5 grams of agarose, 50 mL of 
SB buffer (10 millimolar NaOH, 36.4 millimolar boric acid) and 2 µL of ethidium bromide. To 
the first well, 7 µL of 1 kb ladder were added. Exactly 2 µL of sample DNA was mixed with 0.2 
µL of loading dye (NEB) and 3 µL of DI water. After samples were loaded into the gel, they 
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were run at 200 V for 20 min. The results of the gel were then imaged under UV light with a Gel 
Doc® system (UVP). This allowed us to verify that the COI had been amplified correctly. The 
PCR amplified samples were then stored at -20°C. 
 
Sanger Sequencing Preparation and Protocol 
 A master mix was prepared with 210 µL of DI water, 7.5 µL of Antarctic phosphatase 
(NEB), 7.5 µL of exonuclease I (E. coli, NEB) and 25 µL of 10x Antarctic phosphatase buffer 
(NEB).  It was then mixed by pipetting and gently centrifuged at low speed. Afterwards, 5µL of 
the master mix were added to each of the PCR reaction plate wells, and the plate was incubated 
at 37°C for 45 min. The plate was then immediately transferred to a thermocycler where it was 
incubated for 15 min at 90ºC. Samples that appeared especially robust were then diluted 1:2 with 
DI water.  
A set of two master mixes was created using 105µL of DI water, 25 µL of Ready 
Reaction® solution (Thermofisher Scientific), 37.5 µL of ABI 5x buffer and 7.5 µL of either the 
COI forward or COI reverse primers. Depending on if the sample was diluted or not, 3 to 4 µL (3 
for diluted, 4 for undiluted) of the mixes were dispensed into two sterile plates (one with forward 
primer, one reverse primer). To each plate, 1.5 µL of sample DNA was added to each well and 
gently mixed by pipetting. Approximately 10 µL of mineral oil were added to the plates before 
going through the thermocycler again. This second PCR program included a denaturing period of 
50 sec at 94ºC, an annealing period of 20 sec at 56ºC and an extension period of 40 sec at 60ºC. 
This cycle was repeated 35x. The plates were then refrigerated until further processing. 
 To clean the samples for sequencing, 8 µL of CleanSeq® beads (Agencourt) were added 
under the oil layer and above the sample in each of the plate wells. Approximately 25 mL of 
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85% ethanol were prepared from 100% ethanol and DI water. This mixture was added to each 
well in 30 µL allotments. Each well was mixed with a pipette, and then the sample plate was 
placed on a magnetic plate for 5 min. With the beads attached to the sides of the wells, the 
ethanol supernatant was removed. Another 100 µL of 85% ethanol was added to each of the 
wells, which then were allowed to incubate at room temperature for 1 min. The supernatant was 
again removed and this process was repeated. With the supernatant removed, the wells were 
allowed to air dry for 15 min and 40 µL of DI water were added. The beads were resuspended 
through tapping and then left to stand for 5 min. Exactly 30 µL of the final product were 
transferred to a sequencing plate and sealed for analysis. Samples were put through a standard 
Sanger sequencing procedure (Sanger et al. 1977) at Cornell University’s Institute of 
Biotechnology.  
 
Alignment, Editing of Sequences and Phylogeny Development 
 Resulting sequences were processed and aligned with ClustalW (Thompson et al. 1994), 
using BioEdit (Hall, 1999) and MEGA (Tamura et al. 2013). Using the Sanger sequencing 
method resulted in the production of two approximately 600 bp sequences from each sample: one 
being a forward primer sequence and the other being a reverse primer sequence. Each half was 
aligned with the other and combined based on the length of overlapping sequences. Prior to 
editing and multiple alignment, full sequences varied anywhere from 1200 to 1500 bp, 
depending on the number of gaps, miscalled bases and primer residuals. With such a variation in 
length, a protocol was developed to properly edit alignments and delete gaps. This protocol was 
put in place so as to prevent the loss of important data, while maintaining accuracy of phylogeny. 
The first guideline that was followed was that if a mutation was found to appear in a group or in 
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more than two sequences, it was kept. The second was that if a single gap appeared in a single 
sequence, it was corrected to a base pair of a corresponding sequence from the same locality. If 
the forward and reverse sequences could not be aligned with at least a 200 bp overlap, then they 
were not included in phylogenetic analysis. For outgroups, I used COI sequences from NCBI’s 
GenBank for the Spotted Gar (Lepisosteus oculatus; ascension number: NC_004744.1, Inoue et 
al. 2003) and the Alligator Gar (Atractosteus spatula; ascension number: NC_008131.1, Inoue et 
al. 2003). After the multiple alignment was completed, a total of 73 Bowfin and two gar 
sequences were available for use in the phylogenetic analysis, including 26 Bowfin from the 
Carolinas and 47 Bowfin from the Laurentian Great Lakes. All of these sequences measured 
exactly 1,206 bp in length after editing.  
Prior to phylogeny development, the multiple alignment was converted to an XML file. A 
maximum likelihood tree was next developed using GARLI Version 2.01 (Zwickl, 2008) and 
PAUP* Version 4.0 (Swafford, 2003). A sample data set was included in this version of GARLI, 
so the input file was edited to the correct format using a text editor. The full alignment was first 
run through GARLI and treated with default settings and under the general time-reversible 
model. A total of 10 repetitions under this model were performed in GARLI to obtain the best 
maximum likelihood value (–ln(L)). A non-parametric bootstrapping method was then used in 
GARLI with 100 jackknife replications.  
Heuristic analysis of this maximum likelihood was then conducted in PAUP* Version 4.0 
to determine which tree was the most statistically likely. This was again conducted under the 
general time reversible model and with gamma discrete distribution of variable sites within the 
alignment. A best fit model was found and a monophyletic rooted tree of all 75 sequences was 
produced with corresponding bootstrap values. As a guideline, bootstrap values greater than 50 
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were considered statistically significant and a likely clade formation. The full tree was then 
observed in TreeView (Page, 2003) in an expanded cladogram format. A scale bar was then 
created in TreeGraph2 (Stöver et al. 2010) that indicated 0.0005 nucleotide substitutions per site 
within the phylogeny. Finally, it was edited in TreeGraph2 to produce Figure 6. 
 
Results 
Base Pair Divergence and Single Nucleotide Polymorphisms 
During multiple alignment, it was observed that there were 10 legitimate Single 
Nucleotide Polymorphisms (SNP’s) between fishes from the Carolinas and those from the Great 
Lakes. These SNP’s were reoccurring within the alignment and separated the two populations. 
This amounted to an approximate 1% divergence confirmed by visual inspection of each 
individual 1,206 bp sequence.  
 
PAUP and GARLI Phylogenetic Analysis 
After the multiple alignment was compiled and edited, 10 repetitions in GARLI (Zwickl, 
2008) resulted in a phylogeny with a maximum likelihood value of –ln (L) = - 4575.49224. 
Boot-strap values of 50 or more for a particular clade were then displayed at each corresponding 
node. Results revealed the presence of two distinct clades representing Bowfin from the 
Carolinas and the Great Lakes region (Figs. 5, 6). There is no mixing of fishes from either region 
across the entire tree. This inference is supported by the bootstrap value indicating separation of 
the Carolinas and the Great Lakes clades (boot strap = 81). We see further separation within the 
Carolinas by regions. Here there appear to be two clades (bootstrap = 56). One may be 
represented by fish from the two rivers in North Carolina, and the second clade appears to 
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encompass all localities in South Carolina. Three of the NC fishes seem to show some degree of 
intergrade, however, so perhaps more samples are needed from intermediate areas to better 
resolve geographic patterns. 
In the Great Lakes region, we see a much more complex, dendritic pattern, with a 
suggestion of several possible clades. Four of these have bootstrap values relatively close to 50, 
indicating an intermediate level of confidence (Fig. 6). Looking at this portion of the tree, we see 
there is some tendency for separation of Bowfin populations by lake, but there is also 
considerable mixing. A clade of fish collected from only Green Bay, WI, appears to form a small 
grouping with a bootstrap value of 54, while another group of only Georgian Bay, ON, fish is 
evident (bootstrap = 51). A third apparent grouping of  only two fish from Green Bay and 
Georgian Bay has a surprisingly high bootstrap value of 70. Overall, however, Bowfin from the 
Laurentian Great Lakes region appear to show too much mixing of fish from across the various 
lakes to draw firm conclusions about significance of those various subgroupings. 
 
Discussion and Conclusions 
 Results of this study corroborate those of Clifford (2014). Maximum likelihood analysis 
of all 73 genetic sequences shows a definite separation of samples taken from the Carolinas and 
the Laurentian Great Lakes regions, with bootstrapping values over 50. This would allow 
rejection of the null hypothesis of monotypy, and support the idea that there are, in fact, at least 
two distinct Bowfin genotypes in existence today. Given close proximity of various SC samples 
(especially Schultz Lake) to the type locality of A. calva Linneaus, 1766, we infer that our SC 
clade would most likely represent that first-described species.  A possible second clade 
represented by Bowfin from North Carolina suggests regional differentiation within the 
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Carolinas and need for further analyses.  There are two other nominal species from the 
Charleston area (Fig. 3) -- Amia lentiginosa Valenciennes (in Cuvier and Valenciennes, 1847, p. 
426) and Amia cinerea Valenciennes (in Cuvier and Valenciennes, 1847, p. 430).  So at this 
stage, we cannot rule out the possibility that one of those names (or maybe that for some earlier-
described species) could apply to a second taxon within the Carolinas. The analysis of 
Bermingham and Avise (1986) revealed a possible additional distinct Bowfin genotype from 
Florida, with a divergence of 0.5 compared to the Apalachicola basin, Georgia and SC 
populations (Fig. 4). Resolution of such uncertainties about Bowfin population structure in the 
southeastern region will require further analyses. 
For Great Lakes populations, the earliest available name that might be applicable would 
be Amia ocellicauda Todd (in Richardson, 1837), from Georgian Bay, Lake Huron. Genetic 
sequences for what could be considered typotypes of A. ocellicauda are scattered throughout the 
Great Lakes clade (Fig. 6), suggesting that name ultimately may have broad application across 
that region. Still the complexity of results for the Great Lakes leaves open the possibility that 
there could be more than one taxon present in some areas, and as with the Carolinas, that result 
begs further analyses based on both morphological characteristics and additional genetic 
markers. 
An important gap in our present understanding of Bowfin phylogeography is their 
population characteristics in the Mississippi River basin and along the Gulf coast. In their review 
of floral and faunal biogeographical barriers, Soltis et al. (2006) elaborated on the east-west 
boundary studied by Bermingham and Avise (1986), showing that multiple species of plants and 
animals have range boundaries near the Apalachicola River and/or that run northward along the 
Appalachian Mountains into the Great Lakes region. It may seem possible that Great Lakes and 
 18 
Carolina Bowfin represent the end points of a long population cline running across the south and 
up the Mississippi drainage.  The Apalachicola boundary for Bowfin genetics, however, suggests 
restricted gene flow in that direction, at least in recent times.  As recently as about 14,000 years 
ago, the Great Lakes basin was mostly covered by the Wisconsin glaciation. In a review of post-
glacial re-population of the Great Lakes by fishes, Bailey and Smith (1981) concluded the 
Bowfin was among the majority of species that dispersed north and eastward from a glacial 
refugium in the Mississippi basin, rather than from the east. Given that pattern, one should look 
for the nearest relatives of Great Lakes Bowfin in the Mississippi basin. 
While these results corroborate the general morphological patterns found by Clifford 
(2014), they are based on the mitochrondrial gene COI, which showed a relatively low degree of 
divergence across our study sites.  Looking forward, preserved fishes from the same localities 
studied here need to be evaluated for morphological variation, a task now being undertaken by 
another SUNY-ESF student, J. Palumbo. Perhaps some of the within-site variation in Great 
Lakes genotypes can be explained by the occurrence of sympatric species that have diverged 
recently enough to show only minor COI differences. That could be tested by application of 
more variable genetic markers together with comparative morphology. Finally, we need analyses 
of genetic and morphological diversity in the Mississippi basin to close the Bowfin 
phylogeography gap between the Carolinas and the Great Lakes. We need to act now before an 
expanding Bowfin caviar fishery leads to extirpations that preclude the discovery of diversity 



















Figure 2. Amia calva holotype (Linnean Society of London Catalogue No. 128: 275 mm SL) 
collected from near Charleston Harbor, SC; A) lateral view of the specimen; B and C) close-ups 





Figure 3. Distribution in the eastern U.S. of the type localities for each of the original 13 
nominal species of Bowfins, labeled with a number corresponding to the key, and therein, the 
taxa are ordered according to date of publication.  If several species were described in the same 
publication, then they are ordered according to the page where the description appears (modified 
from Clifford, 2014). So that listing reflects the order of priority for application of names to any 





Figure 4. Phylogeography of Bowfin in southeastern US, based on distinct mtDNA genotypes 
described in Bemington and Avise (1986: adapted from their Fig. 2A). The region highlighted in 
blue includes the genotype from west of the Apalachicola River, green encompasses sites for the 
Florida genotype, and pink encompasses sites for the genotype found in the Apalachicola River 
and areas eastward into Georgia and the piedmont of South Carolina. Divergence percentages are 






Figure 5. Phylogeography of Bowfins in the Carolinas and Laurentian Great Lakes, based on 
three distinct genotypes identified in this study. The region highlighted in purple encompasses 
sites for the Laurentian Great Lakes genotype, yellow encompasses sites for the North Carolina 
genotype, and orange encompasses sites for the South Carolina genotype, based mostly on fish 





Figure 6. A complete maximum likelihood phylogeny based on COI sequences for all sampled 
fish from the Laurentian Great Lakes and drainages from the Carolinas. Each fish has been 
labeled with an alpha-numeric sequence code and with the locality as well as collection number. 
Outgroups used in this analysis were the gars Lepisosteus oculatus and Atractosteus spatula; the 
GenBank reference numbers of which are listed next to each of them. The branch lengths of 
those outgroups have been truncated, to facilitate viewing relationships among the Bowfins. The 
bootstrap values of each branch are labeled at the appropriate branch and node. (–ln(L) = -
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Appendix.  Synopsis of the 73 samples used for this genetic analysis. Under the column labeled 
“Gene sequence”, the letter in parentheses next to the gene code signifies the person who 











ON/ Lake Simcoe T00001(cat:7541) 
OMNRF, Owen 
Sound 
CA1 COI(M) Y 
ON/ Lake Simcoe T00002(cat:7541) 
OMNRF, Owen 
Sound 
CA2 COI(M) Y 
ON/ Lake Simcoe T00004(cat:75472) 
OMNRF, Owen 
Sound 
CA3 COI(M) Y 
NY/Champlain 14-02-01 DJS CH1 COI(M) Y 
NY/Champlain 14-02-02 DJS CH2 COI(M) Y 
NY/Champlain 14-02-03 DJS CH3 COI(M) Y 







WI/Green Bay 1 BOWFIN SD GB1 COI(M) Y 
WI/Green Bay 10 BOWFIN SD GB10 COI(M) Y 
WI/Green Bay 11 BOWFIN SD GB11 COI(M) Y 
WI/Green Bay 12 BOWFIN SD GB12 COI(M) Y 
WI/Green Bay 13 BOWFIN SD GB13 COI(M) Y 
WI/Green Bay 3 BOWFIN SD GB3 COI(M) Y 
WI/Green Bay 4 BOWFIN SD GB4 COI(M) Y 
WI/Green Bay 6 BOWFIN SD GB6 COI(M) Y 
WI/Green Bay 7 BOWFIN SD GB7 COI(M) Y 
WI/Green Bay 8 BOWFIN SD GB8 COI(M) Y 
WI/Green Bay 9 BOWFIN SD GB9 COI(M) Y 
OH/Lake Erie 14-15-02 DJS LE1 COI(M) Y 
OH/Lake Erie 14-15-06 DJS LE11 COI(M) Y 
OH/Lake Erie 14-15-09 DJS LE12 COI(M) Y 
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OH/Lake Erie 14-15-08 DJS LE13 COI(M) Y 
OH/Lake Erie 14-15-11 DJS LE14 COI(M) Y 
OH/Lake Erie 14-15-10 DJS LE15 COI(M) Y 
OH/Lake Erie 14-15-12 DJS LE16 COI(M) Y 
OH/Lake Erie 14-15-16 DJS LE2 COI(M) Y 
OH/Lake Erie 14-15-05 DJS LE3 COI(M) Y 
OH/Lake Erie 14-15-03 DJS LE5 COI(M) Y 
OH/Lake Erie 14-15-13 DJS LE7 COI(M) Y 
OH/Lake Erie 14-15-01 DJS LE8 COI(M) Y 
OH/Lake Erie 14-15-15 DJS LE9 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-07 DJS LH1 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-11 DJS LH10 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-06 DJS LH11 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-13 DJS LH12 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-10 DJS LH13 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-15 DJS LH14 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-08 DJS LH15 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-04 DJS LH2 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-09 DJS LH4 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-02 DJS LH5 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-03 DJS LH7 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-01 DJS LH8 COI(M) Y 
ON/Huron, Geor. 
Bay 
14-03-05 DJS LH9 COI(M) Y 
NC/Roanoke River 14-13-06 DJS NC1 COI(S) Y 
NC/Roanoke River 14-13-01 DJS NC2 COI(M) Y 
NC/Roanoke River 14-13-02 DJS NC3 COI(S) Y 
NC/Chowan River 14-12-01 DJS NC4 COI(S) Y 
NC/Lake Phelps 14-11-01 DJS NC5 COI(s) Y 
NC/Roanoke River 14-13-07 DJS NC6 COI(S) Y 
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NC/Roanoke River 14-13-05 DJS NC7 COI(S) Y 
NC/Chowan River 14-12-05 DJS NC8 COI(S) Y 
NC/Chowan River 14-12-03 DJS NC9 COI(S) Y 
NY/Onondaga Lake 14-14-01 DJS O1 COI(M) Y 
NY/Onondaga Lake 14-14-11 DJS O11 COI(M) Y 
NY/Onondaga Lake 14-14-02 DJS O2 COI(M) Y 
NY/Onondaga Lake 14-14-03 DJS O3 COI(M) Y 
NY/Onondaga Lake 14-14-04 DJS O4 COI(M) Y 
SC/Bluff Lake 14-06-18 DJS SC110 COI(M) Y 
SC/Little Pee Dee R 14-05-09 DJS SC117 COI(M) Y 
SC/Edisto River 14-10-01 DJS SC118 COI(M) Y 
SC/Little Pee Dee R 14-05-16 DJS SC13 COI(S) Y 
SC/Ferry Lake 14-04-05 DJS SC14 COI(M) Y 
SC/Ferry Lake 14-04-07 DJS SC19 COI(M) Y 
SC/Wee Tee Lake 14-04-13 DJS SC20 COI(M) Y 
SC/Little Pee Dee R 14-05-23 DJS SC21 COI(S) Y 
SC/Little Pee Dee R 14-05-27 DJS SC22 COI(S) Y 
SC/Salkehatchie 14-08-05 DJS SC23 COI(S) Y 
SC/Schultz Lake 14-09-08 DJS SC32 COI(M) Y 
SC/Little Pee Dee R 14-05-18 DJS SC39 COI(M) Y 
SC/Wee Tee Lake 14-04-19 DJS SC7 COI(S) Y 
SC/Bluff Lake 14-06-11 DJS SC80 COI(S) Y 
SC/Little Pee Dee R 14-05-01 DJS SC83 COI(S) Y 
SC/Salkehatchie 14-08-01 DJS SC84 COI(S) Y 
SC/Salkehatchie 14-08-03 DJS SC85 COI(S) Y 
 
 
 
